To this end, several analytical methods have been developed for the quantitative determination of DA in shellfish. [5] [6] [7] [8] [9] [10] [11] [12] [13] At present, high-performance liquid chromatography (HPLC) with good accuracy and reproducibility is most widely employed for monitoring DA. Several HPLC methods have been developed using ultraviolet (UV), 5-11 mass spectrometry (MS) 10-12 and fluorececnce 13 detection. However, UV detection of underivatized DA lacks specificity because interferents can exhibit UV spectra similar to that of DA. Also, UV and fluorececnce detection of precolumn derivatized DA have multistep manipulation and are subject to interference from salts, buffers and proteinaceous materials. The MS detection method is sensitive and can give the most reliable results, but it requires a highly sophisticated apparatus and higher operating cost. Since these reported methods require a time-consuming cleanup of the sample prior to analysis, they are unsuitable for rapidly screening a large number of samples. If more sensitive and selective detection methods are developed, it is clear that a more rapid analytical system can be established.
Introduction
Domoic acid (DA, Fig. 1 ) is a naturally occurring neurotoxic amino acid, which has been associated with amnesic shellfish poisoning.
1,2 A diatom Pseudonizschia pungens forma multiseries was identified as being the primary source of DA in shellfish. 3 For protection against amnesic shellfish poisoning, it is very important to closely monitor DA in edible shellfish. In Canada, control mechanisms have been put in place to prevent harvesting if DA reaches a concentration of greater than, or equal to, 20 µg DA g -1 in edible tissues, and this limit has now been adopted in Europe. 4 To this end, several analytical methods have been developed for the quantitative determination of DA in shellfish. [5] [6] [7] [8] [9] [10] [11] [12] [13] At present, high-performance liquid chromatography (HPLC) with good accuracy and reproducibility is most widely employed for monitoring DA. Several HPLC methods have been developed using ultraviolet (UV), [5] [6] [7] [8] [9] [10] [11] mass spectrometry (MS) [10] [11] [12] and fluorececnce 13 detection. However, UV detection of underivatized DA lacks specificity because interferents can exhibit UV spectra similar to that of DA. Also, UV and fluorececnce detection of precolumn derivatized DA have multistep manipulation and are subject to interference from salts, buffers and proteinaceous materials. The MS detection method is sensitive and can give the most reliable results, but it requires a highly sophisticated apparatus and higher operating cost. Since these reported methods require a time-consuming cleanup of the sample prior to analysis, they are unsuitable for rapidly screening a large number of samples. If more sensitive and selective detection methods are developed, it is clear that a more rapid analytical system can be established.
Chemiluminescence offers an attractive means for the detection of trace analysis due to its low detection limit, high selectivity and wide dynamic range, with relatively simple instrumentation.
In recent years, tris(2,2′-bipyridine)-ruthenium(III), Ru(bpy)3 3+ , as a chemiluminescent (CL) reagent, has been shown to be a sensitive and selective detection method for the analysis of a wide range of compounds, 14 such as oxalate, 15 alkylamines, 16 amino acids [17] [18] [19] and active methylene compounds. 20 Among amino acids, proline is a more reactive secondary amine, and can be detected in the pmol range. 17, 21 DA contains a secondary amine moiety similar to that of proline, as shown in Fig. 1 . Therefore, HPLC with CL detection using Ru(bpy)3 3+ can be expected to be applicable for determining DA. We have found that Ru(bpy)3 3+ reacts with DA and emits chemiluminescence. Based on this finding, we propose a new sensitive detection method of DA depending on the chemiluminescence of Ru(bpy)3 3+ .
Experimental

Chemicals
All chemicals were of analytical reagent grade and used without further purification, except for tris(2,2′-bipyridine)-ruthenium(II) chloride hexahydrate (Ru(bpy)3Cl2·6H2O). Ru(bpy)3Cl2·6H2O was prepared according to a published procedure. 22 DA was purchased from Wako Pure Chemical Industries (Osaka, Japan). A stock solution of DA was prepared at 0.1 mg ml -1 and kept in the dark and cool. A stock solution was diluted with the mobile phase before use. Water for all solutions was purified using a GS-200 automatic water distillation apparatus (Advantec, Tokyo, Japan) and a Milli-QII water purification system (Millipore, Bedford, MA, USA).
Apparatus and procedure
HPLC experiments were conducted with the CL detection system shown in Fig. 2 . A GL Science PU611 pump (GL Science, Tokyo, Japan) was used to deliver solutions. The mobile phase was delivered at a flow rate of 0.5 ml min -1 to a Comet 3000 chemiluminescence detector (Comet, Kawasaki, Japan) through a Reodyne 7125 sample injector (Rheodyne, Cotati, CA, USA) equipped with a 20 µl injector loop and a Chromolith Performance RP-18e column (100 × 4.6 mm i.d., Merck, Darmstadt, Germany). For flow injection analysis (FIA) experiments, the column was removed. Because Ru(bpy)3 3+ in an aqueous solution is unstable, the Ru(bpy)3 3+ solution has to be prepared freshly from the Ru(bpy)3 2+ solution before use. Therefore, the Ru(bpy)3 2+ solution was delivered at a flow rate of 0.3 ml min -1 and oxidized to Ru(bpy)3 3+ by the controlledcurrent electrolysis method (80 µA, Galvanostat Comet 3000). The eluent and Ru(bpy)3 3+ solution were mixed and pumped continuously through the spiral flow cell in the detector. Chromatograms were recorded with a Hitachi D-2500 Chromato-Integrator (Hitachi, Tokyo, Japan). UV detection was performed on a Hitachi L-4200 UV/VIS detector (Hitachi, Tokyo, Japan). Since, DA has an absorption maximum at 242 nm, 6 a UV detector was set at a wavelength of 242 nm.
Shellfish sample preparation
Samples were treated according to a procedure descried by Quilliam et al. 10 Briefly, 4 g of tissue homogenate was accurately weighed into a tared stainless-steel blender cup. Sixteen milliliters of methanol-water (1:1, v/v) were added and blended for 4 min. The resulting slurry was poured into a graduated centrifuge tube, and then centrifuged at 3000 rpm for 10 min. The supernatant was filtered through a 0.45 µm filter into a screw-capped vial. Extracts (1 ml) were diluted to 5 ml with the mobile phase and a 20 µl aliquot was used for HPLC analysis.
Results and Discussion
Chemiluminescence condition
Since the pH dependence of the CL response for oxalate, 15 amines, 16 amino acid 18, 19 and active methylene compounds 20 has been reported, an investigation of the pH effect on the CL reaction was performed for DA. A 0.25 mM Ru(bpy)3 2+ solution was prepared by dissolving a weighed quantity of Ru(bpy)3Cl2·6H2O in a 100 mM sodium sulfate containing 1 mM sulfuric acid. The eluent was 5 mM phosphate buffer (pH 2.7)/acetonitrile = 9/1 (v/v). A 100 mM phosphate buffer was pumped at a flow rate of 0.1 ml min -1 in order to control the pH of the CL reaction, and mixed with the mobile phase after the column. Figure 3 shows the obtained results. As the pH of the effluent increased, the signal-to-noise ratio increased significantly up to pH 6.5, and then decreased. Hence, this pH value was selected in further experiments. In general, the CL signal of the amines and amino acids increased as the pH became higher, showing that enhanced chemiluminescence occurs when the pH is greater than the pKa of the amine moiety. 19 However, a problem associated with operating under the basic conditions is that the hydroxide ion also reacts with Ru(bpy)3 3+ to yield chemiluminescence. 23 As a result, many previous studies were undertaken below pH 7 in order to minimize the background noise. When the mobile phase was prepared by methanol instead of acetonitrile, high background noise was led close under the basic conditions. This result suggests that Ru(bpy)3 3+ reacts with methanol to yield chemiluminescence. Therefore, in preparing the mobile phase, acetonitrile was used as an organic modifier in reversed-phase HPLC.
It is no doubt that the CL reaction of Ru(bpy)3 3+ with DA 1066 ANALYTICAL SCIENCES JULY 2004, VOL. 20 2+ in a 100 mM sodium sulfate containingoriginated from the secondary amine moiety, as well as proline. However, the CL intensity for DA was three-times higher than that for proline under the same conditions as shown in Fig. 4 . Our recent studies have noted that 2,4-hexadiene and α-terpiene, which contain a conjugated diene moiety, also yield CL responses with Ru(bpy)3 3+ . 24 It seems that the high signal intensity for DA is caused by the conjugated diene structure of DA reacting with Ru(bpy)3 3+ .
HPLC condition DA is polyfunctional with three carboxyl groups and one secondary amino group, the pKa of which have been reported to be 2.10, 3.72, 4.97, and 9.82. 6 Therefore, in order to separate with an ODS column, a mobile phase ranging in pH from 2 to 3 is required to effectively suppress ionization. The mobile phase was prepared from a 5 mM phosphate buffer (pH 2.7)/acetonitrile = 9/1 (v/v). Because hydroxide ion reacts with Ru(bpy)3 3+ to yield chemiluminescence, it is unfit that a Ru(bpy)3 2+ solution is prepared in a high pH value solution. However, the optimum pH value of the CL reaction is 6.5, and a three-pump system is complex. Therefore, in order to simplify the apparatus and to maintain the pH at the selected value, the Ru(bpy)3 2+ solution was prepared at 0.25 mM in a 50 mM sodium sulfate containing a 50 mM phosphate buffer (pH 6.9). A two pump-system was employed in further experiments, that is, P3 and B in Fig. 2 were removed. Figure 5 shows a chromatogram obtained for a standard solution of DA. The retention of DA was achieved with this mobile phase and an ODS column. The retention time was of 18 min. Adjacent peaks around 18 min are likely to be due to isomers of DA. 6 
Detection limit and comparison with other methods
The calibration curve for DA with HPLC, using the peak area, was at least linear up to 500 ng ml -1 (coefficient of correlation, r 2 = 0.9995). The relative standard deviation within a day tested with a concentration of 10 ng ml -1 DA was of 1.6% (n = 6). The detection limit of DA was of 0.4 ng ml -1 (signal-to-noise ratio = 3). This detection limit was sufficiently low so as to be valuable for detecting DA in shellfish tissue. As can be seen from Table 1 , the current methodology is more sensitive than previously reported methodologies.
Determination of domoic acid in shellfish tissue
A blue mussel sample was analyzed to check the applicability of the proposed method. A non-spiked sample was first analyzed, but this sample did not show the presence of DA. Therefore, subsequent blue mussel samples were spiked with 2 µg g -1 of DA (tenth part of Canadian guideline level).
Figures 6A and 6B show chromatograms with CL detection obtained for a blue mussel tissue sample spiked at 2 µg g -1 of DA and the blank (non-spiked sample), respectively. The chromatogram with CL detection (Fig. 6A) shows that contamination with DA even 10-times below the Canadian guideline can be easily detected compared with UV detection (Fig. 6C) . The proposed CL detection method should be applied for a routine analysis. The recovery (mean standard deviation, %) of DA spiked in blue mussel tissues (2 µg g -1 , n = 5) was 106.2 ± 2.1% for the absolute calibration method.
Conclusions
The present method for the determination of DA based on CL detection shows some advantages over previously reported techniques. DA isomers and related compounds, such as kainic acid, could also be determined by this method, because they contain a proline ring structure. This method was found to be sensitive and simple enough to be applied to routine analysis. This highly sensitive method should also be useful in clinical studies of DA intoxication and environmental toxicological monitoring.
